Two styles of bird locomotion, hovering and intermittent flight, have great potential to inform future development of autonomous flying vehicles. Hummingbirds are the smallest flying vertebrates, and they are the only birds that can sustain hovering. Their ability to hover is due to their small size, high wingbeat frequency, relatively large margin of mass-specific power available for flight and a suite of anatomical features that include proportionally massive major flight muscles (pectoralis and supracoracoideus) and wing anatomy that enables them to leave their wings extended yet turned over (supinated) during upstroke so that they can generate lift to support their weight. Hummingbirds generate three times more lift during downstroke compared with upstroke, with the disparity due to wing twist during upstroke. Much like insects, hummingbirds exploit unsteady mechanisms during hovering including delayed stall during wing translation that is manifest as a leading-edge vortex (LEV) on the wing and rotational circulation at the end of each half stroke. Intermittent flight is common in small-and medium-sized birds and consists of pauses during which the wings are flexed (bound) or extended (glide). Flap-bounding appears to be an energy-saving style when flying relatively fast, with the production of lift by the body and tail critical to this saving. Flap-gliding is thought to be less costly than continuous flapping during flight at most speeds. Some species are known to shift from flap-gliding at slow speeds to flap-bounding at fast speeds, but there is an upper size limit for the ability to bound (∼0.3 kg) and small birds with rounded wings do not use intermittent glides.
Introduction
Although there is a growing tradition of insects being used as inspiration for the design of micro-air vehicles (Ellington 1999 , Madangopal et al 2005 , Zufferey 2008 ), small-and medium-sized birds exhibit flight styles that will likely prove useful as models for furthering the development of flying robots. The smallest birds, hummingbirds (2-20 g in body mass), have converged with insects upon the ability to sustain hovering flight (Stolpe and Zimmer 1939 , Greenewalt 1962 , Weis-Fogh 1972 , Wells 1993 , Tobalske et al 2007 , Clark and Dudley 2009 ), yet they are also capable of cruising flight at speeds up to 12 m s −1 and migrating long distances (Tobalske et al 2007 , Clark and Dudley 2009 , Robinson et al 1996 . Other birds may hover for very brief intervals, presumably using anaerobic metabolism. For example, small passerines such as pied flycatcher (Ficdula hypoleuca) and zebra finch (Taeniopygia guttata) can hover for ∼30 s (Norberg 1975 , Tobalske et al 1999 . In the first part of this paper, I explore the unique abilities, anatomy, physiology and aerodynamics of hummingbirds.
Unlike hummingbirds that tend to flap their wings continuously, the vast majority of other small and medium sized birds use forms of intermittent flight during which they regularly interrupt flapping phases to hold their wings either in a flexed-wing 'bound' posture during which the wings are held tightly against the body or in an extended-wing 'glide' (Rayner 1985 , Tobalske 2001 ). Mathematical models of mechanical power output that are based on aerodynamic theory suggest that these flight styles offer savings in mechanical power relative to the cost of flapping continuously (Rayner 1977 , Rayner et al 2001 , DeJong 1983 , Ward-Smith 1984a , 1984b . In the second part of this paper, I describe how intermittent flight varies with body size, wing design and flight speed. Warrick et al (2005) and Tobalske et al (2007) .
Hovering

Kinematics
Wingbeat frequency scales negatively with increasing body mass in hummingbirds, ranging from 8 Hz in the 20 g giant hummingbird (Patagonia gigas) to 80 Hz in the 2 g Amethyst woodstar (Calliphlox amethystina, Greenewalt 1962 ). During hovering near sea level, wingbeat amplitude is ∼110
• (Stolpe and Zimmer 1939, Tobalske et al 2007, figures 1(A) , (B)), and hummingbirds increase their amplitude to accommodate greater power demands during load lifting or with decreased air density at higher altitude (Altshuler and Dudley 2002 , 2003 , Altshuler et al 2004 , 2010 . Although wingbeat frequency does not vary significantly across flight speeds (Tobalske et al 2007, Clark and , it does increase during transitory load-lifting when the flight muscles are used anaerobically (Altshuler and Dudley 2003) .
Hummingbirds are unique among birds in their ability to almost fully supinate their wings during upstroke so that the underside of the wing faces upward (Stolpe and Zimmer 1939, Tobalske et al 2007, figures 1(C) and (D)). This reverses the pronated posture typical of all birds during downstroke (figure 1(E)), but the postures are not mirror images in part because upstroke features greater long-axis twist of the wing. Long axis rotation of the wing through the wingbeat is ∼140
• and occurs symmetrically with wing turnaround at the end of each half stroke. The wings are held fully extended during the entire wingbeat cycle, and the wingtips trace a figureeight pattern as projected in the lateral view. Downstroke features higher angular velocity and higher chord angle than upstroke (Tobalske et al 2007) . In contrast with the wingbeat pattern in hummingbirds, when flying slowly, diverse species with pointed wings exhibit hand-wing supination (tip-reversal) and a partially flexed wing during upstroke and birds with rounded wings fully flex them against the body during upstroke (Tobalske 2000) . Swifts are sister taxa to the hummingbirds in the Apodiformes (Karhu 1992 , Mayr 2003 . Although swifts also fly with extended wings, they do not accomplish wing supination, and they are severely limited in their ability to fly slowly (Warrick 1998) .
Aerodynamics
Hummingbirds appear to have converged upon the hovering style of insects (Warrick et al 2005 (Warrick et al , 2009 ). Hummingbirds are the only birds that clearly demonstrate an aerodynamically active upstroke during hovering in still air (Warrick et al 2005 , 2009 . There is debate about whether the tip-reversal upstroke of other bird species is aerodynamically active, but the evidence to date is equivocal (Tobalske 2000) . In steady hovering in a hummingbird, downstroke supports ∼75% of the body weight and upstroke supports ∼25% (Warrick et al 2005 (Warrick et al , 2009 ).
In addition to having an aerodynamically active upstroke, hummingbirds exploit two unsteady aerodynamic mechanisms during hovering that are considered to be the key elements of insect flight (Dickinson et al 1999 , Lehmann 2004 ). These are leading-edge vortices (LEVs) and rotational circulation. During wing sweep in the middle of both downstroke and upstroke, hummingbirds exhibit LEVs on the uppermost surface of their wings (figure 2(A)). LEVs are interpreted to represent delayed stall at high angles of attack, and they enhance coefficients of lift and drag during wing sweep relative to coefficients during linear translation at the same angles of attack (Lehmann 2004) . The LEV contributes ∼16% to the total bound circulation of the hummingbird wing, and measurable LEVs are not always present. In contrast, LEVs dominate fruit-fly (Drosophila melanogaster) aerodynamics (Birch et al 2004) and contribute up to 40% of the circulation on the wing in slow-flying, nectar-feeding bats that are among the smallest extant species of bats (Muijres et al 2008) .
Long-axis rotation of the wing prolongs circulation on the wing from the previous half stroke through wing turnaround in the same manner that has been shown for insects using robotic models (Dickinson et al 1999 , Lehmann 2004 , Warrick et al 2009 figure 2(B) ). Thus, at the end of each half stroke, the wing is functioning as a Flettner rotor (Vogel 1994) . At the end of long-axis rotation, when sweep begins for a new half stroke, circulation reverses. Circulation then increases during the rest of the half stroke (Warrick et al 2009) .
Vortex shedding from the wings appears to give rise to a wake pattern that consists of tilted rings with one ring associated with each half stroke (Warrick et al 2009) . It is further hypothesized that a separate ring structure is shed per wing, and that the tail functions to deflect the flow and aid in pitch stability .
Morphology and physiology
Hummingbird wings have a musculoskeletal architecture and feather morphology that appears to be adapted for hovering. Hovering in still air is a particularly demanding flight style for an animal because it is inducing a large downward velocity into the air to support its weight, and this requires high power output (B) During long-axis rotation (pronation) of the wing at the transition between end of upstroke and beginning of downstroke, circulation is maintained on the wing. Vorticity in the lower left is a drag-induced wake (Von Kármán vortex street) created during upstroke (Warrick et al 2009). from the flight muscles. Metabolic rate in 3.5 g hummingbirds during hovering is ∼110 W kg −1 and efficiency in converting metabolic energy into mechanical work is estimated to be ∼10% (Wells 1993) . To meet this high, sustained power demand, the primary muscles for downstroke (pectoralis) and upstroke (supracoracoideus) are proportionally larger than in other species. The paired pectoralis muscles make up ∼25% of the body mass in hummingbirds and ∼15% of the body mass in other species (Greenewalt 1962, Altshuler and Dudley 2002) . The supracoracoideus is ∼50% of the pectoralis mass in hummingbirds and ∼20% in other species (Greenewalt 1962 , Wells 1993 . Although these muscles have the same fast-oxidative glycolytic fiber types as in other small birds (Welch and Altshuler 2009 ), several features help accommodate the high oxygen flux (40 ml O 2 g −1 h −1 ) (Berger 1985 , Bartholomew and Lighton 1986 , Clark and Dudley 2009 ). These include a small fiber size, high mitochondrial density, and high ratio of the capillary surface area to the fiber surface area (Suarez et al 1991 , Mathieu-Costello et al 1992 . Hummingbirds rapidly shift their metabolism from using fatty acids during fasting to exclusive use of ingested carbohydrates after the fasting bout ends, and they require less oxygen when using carbohydrates as a fuel source .
Several skeletal features are hypothesized to be associated with a general commitment to aerial locomotion in swifts (Apodidae) and hummingbirds (Trochilidae), and comparison between the taxa highlights features that are hypothesized to be adaptations for hovering. One shared feature of swifts and hummingbirds is an emphasis upon the forelimb that has been associated with a reduction in the hindlimb size. Force from the hindlimbs contributes only 50% of the total takeoff velocity in hummingbirds (Tobalske et al 2004) , whereas the hindlimb contribution is greater than 80% in other birds (Earls 2000) . Swifts and hummingbirds have a proportionally short humerus with a humeral head that is oriented more orthogonally to the long-axis of the humerus compared with near relatives such as the crested swifts (Hemiprocnidae, Karhu (1992) , Mayr (2003) or more-distantly related species such as the rock dove (Columba livia, figure 3). These features permit an adducted wing posture and a proximal shift in the concentration of muscle mass for the wing muscles, both of which should reduce the moment of inertia and inertial work requirements of the wing (Stolpe and Zimmer 1939 , Karhu 1992 , Mayr 2003 . The moment of inertia of a single wing of a 4 g hummingbird is ∼2 × 10 −8 kg m 2 (Wells 1993 ). In contrast, hummingbirds have several characteristics that are different from swifts and, therefore, are thought to permit their enhanced wing supination for hovering upstroke. They have a medio-anterior condyle on their humerus (Stolpe and Zimmer 1939 , Karhu 1992 , Mayr 2003 , and the articular surfaces at the elbow; wrist and distal wing elements are either openly rounded or flat, which may permit greater rotation about the joints (Stolpe and Zimmer 1939, Mayr 2003) than in other species. Anatomical work suggests that grooves and ridges in the forearm and wrist bones of other birds restrict their ability to supinate their distal (hand) wing unless their wrist is flexed (Vasquez 1992) .
Among hummingbirds, wing length and pectoralis mass scale allometrically (Greenewalt 1962 , Altshuler et al 2010 .
Wing length and tail length scale proportional to mass to the 0.5 power (∝ M 0.5 ) instead of scaling ∝ M 0.33 , which would be consistent with geometric similarity (Greenewalt 1962 , Clark 2010 . Pectoralis mass scales ∝ M 1.2 where M 1.0 would be expected for isometry (Altshuler et al 2010) . These scaling patterns may be morphological responses to partially offset the adverse scaling of induced power requirements with increasing body mass that would otherwise occur in geometrically similar organisms (Ellington 1991) . Populations living at higher altitudes may also compensate for low air density by having relatively longer wings (Altshuler et al 2004) . Although these trends may partially compensate for induced power requirements, new evidence suggests that the marginal massspecific power available from the flight muscles inevitably scales negatively in a broad sample of hummingbird species (Altshuler et al 2010) . This pattern is driven, in part, by wingbeat frequency declining as wing length increases (Greenewalt 1962 , Altshuler et al 2010 . Similar declines in mass-specific power available for flight are thought to explain variation in flight performance among other groups of birds (Pennycuick 1975 , Tobalske 1996 , 2000 .
It is expected from aerodynamic models that the mechanical power required for flight varies according to a U-shaped curve as a function of the flight speed, with the cost of producing lift greatest during hovering and declining with speed whereas the cost of overcoming drag on the wings and body increases exponentially with increasing speed (Rayner 1979a , 1979b , Pennycuick 1975 , Ellington 1991 , Bundle et al 2007 . If the mechanochemical efficiency of hummingbird muscle, estimated to be ∼10% (Wells 1993) , is constant, the metabolic power curve should exhibit the same upwardly concave shape (Ellington 1991) . However, direct measures of oxygen consumption during flight in hummingbirds have produced a variety of curves with mass-specific metabolic rates during flight varying from 30-70 ml O 2 g −1 h −1 (Berger 1985 , Clark and Dudley 2009 , 2010 . Part of the challenge that explains why a single power curve has not emerged to describe hummingbird flight costs is that there is significant variation in the details of the curve shape among birds within a species as well as among trials on different days within the same bird (Clark and Dudley 2010) .
One study in which hummingbirds were fitted with a gas mask indicated that there was no significant increase in the metabolic power between hovering and forward flight up to speeds of 7 m s −1 (Berger 1985 , Ellington 1991 . This indicates that hummingbirds are uniquely efficient at hovering such that costs vary according to a 'J-shaped' curve with flight speed. In contrast, recent measurements using a stationary feeder reveal a U-shaped curve with the greatest metabolic rates exhibited during hovering and fast forward flight Dudley 2009, 2010) . Different methods may contribute to these different results, as parasite drag on the body may be reduced in the wake of a stationary feeder and augmented when a bird wears a respiratory mask. Additionally, Clark and Dudley (2010) suggest that low wing loading will contribute to a flatter curve shape at lower speeds because of a reduced power cost for inducing velocity into the air.
Intermittent flight (see below) is probably a method for reducing the power requirements of forward flight (Rayner 1985) , but the hummingbird species whose wing kinematics have been measured over a wide range of speeds seldom or never exhibit intermittent pauses in flapping while engaged in average steady flight (Tobalske et al 2007 , Clark and Dudley 2009 , 2010 . The reasons for this are not known but could be due to the anatomy of the hummingbird wing (figure 3), the relative benefits of elastic energy storage in connective tissue (Wells 1993, Tobalske and Biewener 2008) or offsets in the timing of neural activation of muscle relative to the onset of shortening to permit force deactivation within a rapid wingbeat (Tobalske et al 2010) . Intermittent pauses in flapping are exhibited during courtship display dives in Anna's hummingbirds (Calypte anna, Clark 2009), and much remains to be studied regarding locomotion among the diverse hummingbirds in Central and South America.
Intermittent flight
Kinematics and aerodynamics
Intermittent flight consists of brief pauses in flapping during which a bird may produce lift to contribute to weight support but not thrust, so that it inevitably trades potential energy for kinetic energy until it begins flapping and producing thrust again ( figure 4(A) ). This process gives rise to an average level flight path that undulates in altitude. Variations of intermittent flight may occur during landing. For example, woodpeckers generally swoop toward a tree trunk where they are preparing to perch using glide-bounding (Tobalske 1996) . The wing posture during intermittent pauses may vary between being a fully flexed bound, identical to the perching posture, to a glide with wings fully extended. Various species use both of these postures as well as intermediate postures (partial bounds or flexed-wing glides, Tobalske and Dial 1994 , Tobalske 1995 , 1996 , Bruderer et al 2001 , Lentink et al 2007 figure 4(B) ).
Birds enter into intermittent non-flapping phases during mid-upstroke and return to flapping by completing their upstroke (Tobalske and Dial 1994 , Tobalske 1995 , 1996 , Tobalske et al 1999 . Generally the wings are held motionless relative to the body, but exceptions occur. In cockatiels (Nymphicus hollandicus), in cruising flight from 9 to 15 m s −1 , the wings may not pause completely; rather the vertical motion of the wings markedly slows during midupstroke (Hedrick et al 2002) . Starlings regularly transition between bounds and glides within the same non-flapping phase by extending the wings horizontally (abducting them) at the end of the bound (Tobalske 1995) .
Wingbeat frequency and amplitude co-vary during the flapping phases of intermittent flight. Instances of peak horizontal and vertical acceleration coincide with high-frequency, high-amplitude wingbeats (Tobalske 1995) . These kinematics suggest that lift production is enhanced during these instances, consistent with an expectation that aerodynamic forces are proportional to the square of the angular velocity of the wing (Vogel 1994, Usherwood and Ellington 2002) . The flight style of the black-billed magpie (Pica hudsonia) appears unusual in terms of the magnitude of variation in frequency and amplitude during flapping phases (Tobalske et al 1997) . Rayner (1985) suggests this may represent a form of chattering flight, similar to what can be performed in a propeller-driven aircraft, wherein modulating revolutions per minute (rpm) of the propeller and power output can be used to save fuel.
The duration of intermittent pauses is variable. In the case of bounds, pauses are generally <200 ms in duration (Tobalske 1996 , Tobalske et al 1999 . Intermittent glides may be as brief as a bound but may also be well over 10 s in duration in larger gliding birds (e.g. turkey vulture, Cathartes aura, unpublished observation).
The wings produce lift during intermittent glides and the magnitude of this lift varies directly with the wingspan and area (Lentink et al 2007) . Even with the wings completely flexed during a bound, the body and tail can support up to 20% of the body weight (Csicsáky 1977 , Tobalske et al 1999 , 2009 ). Measurements of body acceleration and wake dynamics in live birds as well as force measurements on prepared specimens all support this conclusion. A flap-bounding bird sheds a pair of trailing vortices into its wake, revealed using particle image velocimetry (figure 6). The downward-induced velocity in the middle of this wake indicates lift production, and this pattern is present even when the tail is removed (Tobalske et al 2009) . Lift:Drag (L:D) ratio during bounds varies with tail length, . Kinematics and muscle activity during zebra finch (Taeniopygia guttata) flight at 12 m s −1 in a wind tunnel. Two bounds and 13 wingbeats are included in this interval of flight. Altitude is for the estimated center of mass relative to average altitude during the flight interval. Muscle activity is measured using electromyography and muscle length is measured using sonomicrometry reaching greater values when the tail is artificially extended. Presumably other design criteria such as the need to minimize drag or avoid damage to the tail function to limit tail length in flap-bounding birds.
Muscle activity
In all species studied to date, the pectoralis is inactive during bounds and exhibits an isometric contraction during glides (Meyers 1993 , Tobalske 1995 , Tobalske et al 1999 . Sonomicrometry reveals that the pectoralis does not change length during intermittent pauses (Tobalske et al 2005, Askew and . Neuromuscular activity is limited to the cranial portion of the pectoralis during glides in American kestrels (Falco sparverius, Meyers 1993) . Some larger birds that glide and soar extensively have a deep belly of their pectoralis that consists of slow muscle fibers that are hypothesized to be particularly economical for sustaining isometric contractions during gliding George 1986, Rosser et al 1994) . In contrast, the main belly of the pectoralis consists of fast fibers in all flying birds (Rosser and George 1986) , and, therefore, fast fibers appear adequate for intermittent gliding Dial 1994, Meyers and Mathias 1997) .
The use of the supracoracoideus during intermittent pauses is more variable. In budgerigars and European starlings, the supracoracoideus is inactive during bounds, whereas it is active during bounds in black-billed magpies, and it appears to be engaged in isometric contraction during glides in various species (Meyers 1993 , Tobalske and Dial 1994 , Tobalske 1995 ). The isometric contraction of this upstroke muscle during glides indicates its role in providing stability at the shoulder joint (Tobalske and Biewener 2008) .
Regardless of the muscle being considered, the amplitude of electromyographic signals is always significantly less during non-flapping phases compared with during flapping (Meyers 1993 , Tobalske and Dial 1994 , Tobalske 1995 ). This indicates a reduction in motor unit recruitment, and is consistent with a reduction in metabolic cost during fixedwing phases compared with flapping (Baudinette and SchmidtNielsen 1974) . Because metabolic rates require time to decrease following intense activity (Baker and Gleeson 1999, Borsheim and Bahr 2003) , it is likely that any metabolic savings during brief pauses is less than the reduction in cost associated with prolonged glides.
Formerly, it was hypothesized that flap-bounding flight was a mechanism for varying muscle work and power output without having to vary force or contractile velocity in the major downstroke muscle, the pectoralis (Rayner 1977 (Rayner , 1985 . This hypothesis might be particularly appealing for the design of autonomous vehicles, but it does not appear to be correct for birds. Direct measures of muscle contractile activity during flight may be obtained using electromyography and sonomicrometry. Such experiments have revealed that pectoralis motor-unit recruitment and contractile velocity vary significantly among flight speeds and flight modes in flapbounding birds (Tobalske et al 2005, Ellerby and . Moreover, the variation in contractile velocity exhibited by the flap-bounding zebra finch exceeds that exhibited by larger species that do not use flap-bounding flight . The induced downwash between the vortices represents the reaction of the air to lift production. (B) Caudal view of the wake of a zebra-finch specimen mounted on a force transducer with velocity calculated using particle image velocimetry (Tobalske et al 2009). intermittent flight styles may reduce this power requirement. Mathematical models developed from aerodynamic theory indicate that flap-bounding can be an attractive strategy when flying relatively fast (Rayner 1985 , Ward-Smith 1984a while flap-gliding may offer greater advantages at slower speeds (Ward-Smith 1984b , Rayner 1985 . The production of lift by the body and tail may help extend the range of aerodynamically attractive speeds for flap-bounding to include the maximum range speed-the speed predicted to be optimal for sustained cruising flight (Rayner 1985 , Tobalske et al 1999 , 2009 ). The contribution of 'turn-out' phases during which the wings are extended after a bound may allow flap-bounding to offer an advantage over a broad range of speeds (DeJong 1983) . Likewise, variation in flight speed and thrust can result in predicted energetic advantages for both flap-bounding and flap-gliding over a wide range of speeds (Rayner et al 2001) .
Predictions of energy saving from mathematical models
Effects of morphology
There are prominent effects of body size and wing shape upon the performance of intermittent flight. Within an intermediate range of body mass, from 19 to 160 g, birds are capable of using flap-bounding and flap-gliding flight, regardless of their aspect ratio (wing length/average width) or wing loading (body weight/wing area, Tobalske 1996 Tobalske , 2001 ). In contrast, small birds with rounded, low-aspect ratio wings such as the 13 g zebra finch (aspect ratio, AR = 4.2) only use intermittent bounds (Tobalske et al 1999 . This pattern may be explained by coupling the effect of a rounded, low-aspect ratio wing shape increasing drag (Withers 1981) with the relatively low inertia of small birds. Species of about the same body mass but with more pointed, high-aspect ratio wings such as the barn swallow (Hirundo rustica, 20 g, AR = 6.2) and house martin (Delichon urbica, 17 g, AR = 6.5) use both bounds (or partial bounds) and glides (Bruderer et al 2001) .
There is an upper limit of body size upon the ability to engage in intermittent bounds such that birds larger in size than the pileated woodpecker (Dryocopus pileatus, 270 g, Tobalske 1996 Tobalske , 2001 ) appear to use intermittent glides only. This pattern appears to be explained by an adverse scaling of the mass-specific power available for flight (Pennycuick 1975 , Altshuler et al 2010 . The percentage of time spent flapping during cruising flight increases with increasing body mass among passerines and woodpeckers (Danielson 1988 , Tobalske 1996 , scaling ∝ M 0.37 as would be expected if wingbeat frequency, which scales ∝ M −0.46 , functions to limit mass-specific power output. Likewise, the duration of bound phases decreases as mass increases in woodpeckers (∝ M −0.46 ). Fiber type in the pectoralis of woodpeckers changes as a function of body size, and this may partially offset the adverse scaling of the marginal mass-specific power available that permits intermittent bounds (Tobalske 1996) (Tobalske 1996 (Tobalske , 2001 ).
Effects of flight speed
The aerodynamics of flight at different speeds has significant effects upon intermittent flight behavior. Induced power, required for weight support, is greatest during hovering and slow-speed flight, and profile and parasite power, required to overcome pressure and skin-friction drag on the wings and body, respectively, both increase exponentially with increasing speed. As a consequence, mechanical power required for flight varies as a U-shaped curve as a function of flight speed (Pennycuick 1975 , Rayner 1979a , 1979b , Tobalske et al 2003 . The shape of the power curve varies with morphology and flight style, and intermittent bounds and glides likely contribute to this variation (Tobalske et al 2003) .
Among the species that use both bounds and glides, there is a tendency to flap-glide at slow speeds and flap-bound during faster flight (Tobalske and Dial 1994 , Tobalske 1995 , 1996 , Bruderer et al 2001 figure 4(B) ). This behavior is consistent with seeking to minimize power output at any given speed (Rayner 1985) . For these species, time spent flapping and effective wingbeat frequency (total wingbeats per unit time) varies according to an upwardly concave, U-shaped curve (Bruderer et al 2001 , Tobalske 2001 . This behavior varies with the goals of the animal. For example, Lewis' woodpecker (Melanerpes lewis) slowly glides when foraging on the wing for insects, but it shifts toward bounds when flying faster and more directly toward a destination (Tobalske 1996) . In zebra finch, a species that only flap-bounds, there is a decrease in time spent flapping from 89% during brief hovering episodes to 55% during fast forward flight (14 m s −1 ).
Conclusions
The smallest birds exhibit distinctly different strategies to fly over a range of speeds. Hummingbirds have converged upon the kinematics and aerodynamics of insects to accomplish sustained hovering flight (Warrick et al 2005 (Warrick et al , 2009 ). They are thought to be unique among birds in having a lift-producing upstroke during hovering, and the morphological features associated with their ability to supinate their wings (Stolpe and Zimmer 1939, Mayr 2003) appear to be associated with a wing that stays fully outstretched through the entire wingbeat cycle, even during fast forward flight. The hummingbird species studied to date do not appear to regularly use intermittent pauses during hovering or cruising flight (Tobalske et al 2007 , Clark and Dudley 2009 , 2010 . In contrast, other relatively small birds use intermittent flight, and they flex their wings to some extent during the upstroke of their flapping phases.
The greatest flexibility in terms of forward flight styles appears to be for birds of mass between 20 and 160 g that have relatively pointed wings. These species approach a hummingbird-style upstroke during take-off and slow flight by using a supinated 'tip-reversal' upstroke, and they shift toward an aerodynamically active upstroke in faster flight in which the wings are progressively flexed as speed increases (Tobalske 2000) . Moreover, they shift from flap-gliding during slow forward flight toward flap-bounding in fast flight (Tobalske and Dial 1994, figure 4(B) ).
Less flexibility is apparent in small birds with rounded, low-aspect ratio wings. These species tend to fully flex their wings during upstroke, and the smallest species, such as the zebra finch, use flap-bounding only. Flap-bounding is not a useful strategy for saving energy during slow flight (Rayner 1985) . Thus the smallest flap-bounding species may be specialized for flying relatively fast.
An inevitable adverse scaling of mass-specific power required for flight versus mass-specific power available from the flight muscles limits the ability to use flap-bounding as size increases among species. This adverse scaling can be partially offset by morphological changes such as increased wing length or pectoralis mass in hummingbirds (Greenewalt 1962 , Altshuler et al 2010 , increased glycolytic fiber content in the pectoralis of woodpeckers (Tobalske 1996) , or departures from dynamic similarity such as an increase in muscle strain as observed during take-off flight in pheasants and related species (Phasianidae, Tobalske and Dial 2000) . Nonetheless, the largest birds that can take advantage of an ability to turn off their flight muscles and momentarily act like a projectile while still maintaining average altitude in the air are 0.3 kg. Thomas 
